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Abstract
The primate lentiviruses comprise SIV strains

from various host species, as well as two viruses,

HIV-1 and HIV-2, that cause AIDS in humans.

The origins of HIV-1 and HIV-2 have been traced

to cross-species transmissions from chimpanzees

and sooty mangabey monkeys respectively. Two

approaches have been taken to estimate the time-

scale of the evolution of these viruses. Certain

groups of SIV strains appear to have evolved in a

host-dependent manner, implying a time-scale of

many thousands or even millions of years. In stark

contrast, molecular clock calculations have pre-

viously been used to estimate a time-scale of only

tens or hundreds of years. Those calculations

largely ignored heterogeneity of evolutionary rates

across different sites within sequences. In fact, the

distribution of rates at different sites seems ex-

tremely skewed in HIV-1, and so the time-depth

of the primate lentivirus evolutionary tree may

have been underestimated by at least a factor of

ten. However, these date estimates still seem to be

far too recent to be consistent with host-dependent

evolution.

Introduction
Two distinct retroviruses, human immunodefici-

ency virus types 1 and 2 (HIV-1 and HIV-2),

cause the acquired immune deficiency syndrome

(AIDS). Together with related simian immuno-

deficiency viruses (SIVs), found in other primate

species, these comprise the primate lentiviruses.

These viruses exhibit an extraordinary degree of

sequence diversity and provide an interesting and

challenging model system in which to study

molecular evolution. Furthermore, the results

obtained provide insights into the origins of
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AIDS, and have important practical implications

for understanding and tackling the ongoing AIDS

pandemic.

Origins of AIDS viruses
Lentiviruses have been isolated from numerous

primate species. Phylogenetic analyses indicate

that these viruses fall into five major, approxi-

mately equidistant, lineages (Figure 1). The two

viruses causing AIDS in humans belong to dif-

ferent lineages and represent recent cross-species

transmissions from different sources. The vast

majority of cases of HIV infection worldwide are

due to strains of HIV-1. These viruses cluster

with SIV
CPZ

from chimpanzees (Pan troglodytes).

Although SIV
CPZ

was first reported in 1990 [1],

there remained the question of whether chim-

panzees had, like humans, recently acquired the

virus from some other species [2,3]. However, we

have recently presented evidence strongly sug-

gesting that one particular subspecies of chim-

panzee, P. t. troglodytes, does indeed constitute the

source of HIV-1 [4].

HIV-2 is only common in west Africa. Strains

of HIV-2 cluster with SIV
SM

from sooty man-

gabeys (Cercocebus atys), and with SIV
MAC

from

macaques (Figure 1). The macaque viruses were

among the first SIV strains to be characterized,

but it was soon realized that macaques in the wild

are not infected with SIV, and that all of the

isolates reflect transmission in captivity. In con-

trast, sooty mangabeys have been shown to be

naturally infected with SIV. These monkeys in-

habit west Africa, and represent the source of

HIV-2.

Both HIV-1 and HIV-2 exhibit considerable

genetic diversity. HIV-1 strains have been clas-

sified into three groups (M, N and O), with the M

group further divided into numerous subtypes

(A–J, so far). The phylogenetic interspersion of

the SIV
CPZ

and HIV-1 lineages indicates that the
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Figure 1

Phylogenetic relationships among representative
primate lentiviruses

For HIV-1, the three groups (M, N and O) are shown, as well as
two of the ten described subtypes of HIV-1 group M. For HIV-2,
three of the six known subtypes of HIV-2 are represented. Strains
of SIV have a subscript denoting the species from which they were
isolated (see text for details). Probable positions of cross-species
transmission are indicated by ‘X ’. Figure generated from data in
[2,4,34,46].

three groups must each have arisen through

separate transmissions from chimpanzees [4].

HIV-2 strains have been classified into six sub-

types (A–F); again, the relationships among these

subtypes and the known examples of SIV
SM

in-

dicate that there must have been at least four

cross-species transmissions, and it is possible that

all six subtypes arose independently [5,6].

The three other major lineages of primate

lentivirus (Figure 1) represent natural infections

of African green monkeys (SIV
AGM

, from the

Chlorocebus genus), of Sykes monkeys (SIV
SYK

,

from Cercopithecus albogularis), and of l’Hoest and

sun-tailed monkeys (SIV
LHOEST

and SIV
SUN

from

the Cercopithecus lhoesti group). Within the

SIV
AGM

clade there are additional examples of

cross-species transmission. A yellow baboon

(Papio cynocephalus) from Tanzania [7], a chacma

baboon (Papio ursinus) from South Africa [8], and

a Patas monkey (Erythrocebus patas) from Senegal

[9] were each found to have become naturally

infected with a virus closely related to those from

the local species of African green monkey. Further

examples of SIV from other species have been

reported recently, and are in the process of being

fully characterized. These include SIVs from red-

capped mangabeys (Cercocebus torquatus) [10],

drills (Mandrillus leucophaeus) [11] and talapoins

(Myopithecus talapoin) [12].

Thus phylogenetic analyses have shown that

there must have been numerous instances of cross-

species transmission of primate lentiviruses, not

only simian-to-human, but also simian-to-simian.

One outstanding question is : when did these

evolutionary events occur?

Time-scale?
In the absence of a fossil record, two main

approaches have been used in attempts to establish

time-scales for viral evolution. For rapidly evol-

ving viruses, it is possible to calibrate their rate of

evolution by comparison of viruses isolated at

different time points, and then to use this mol-

ecular clock to estimate the dates of divergences

within the evolutionary tree. This procedure has

been used, for example, with influenza A viruses

[13]. The other approach has been to find instances

where viruses appear to have been evolving in a

host-dependent manner, i.e. without transmission

between different species of host. In such cases,

the divergence times of hosts also pertain to their

viruses. It has been suggested that this method can

be applied to herpesviruses [14].

Both techniques have been adopted to es-

timate the time-scale of primate lentivirus evol-

ution. Some of the earliest attempts, in 1988,

yielded dramatically discordant results. One at-

tempt to use a molecular clock estimated that the

common ancestor of HIV-1 and HIV-2 existed as

recently as 1951 [15]. At the same time, after

comparison of HIV-1 with an SIV from an African

green monkey, others suggested that these viruses

may have diverged ‘gradually in concert with the

evolution of primates’ [16], and that itwas possible

that a common ancestor of these viruses infected

the common ancestor of apes and Old World

monkeys [17]; that ancestor is thought to have

lived at least 25 million years ago. Since HIV-1,

HIV-2 and SIV
AGM

each belong to different major

lineages of primate lentivirus (Figure 1), these two
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estimates pertain to the same common ancestor of

all the primate lentiviruses. Thus the two different

approaches led to estimates with a discrepancy of

about six orders of magnitude!

Molecular clock?
We first estimated the rate of evolution of HIV-1

by comparing the distances, from an outgroup, of

pairs of viruses that had been isolated at different

times [18]. The latter isolates were expected (and

found) to have diverged more from the outgroup

sequence, and the additional extent of divergence

was divided by the difference in time of isolation.

The overall rate obtained was about 5¬10−$

nucleotide substitutions per site per year, equi-

valent to a rate of divergence between two se-

quences of around 1% per annum. Non-synony-

mous nucleotide substitution rates were about

1±6¬10−$ for gag and pol, and 5±1¬10−$ for env,

reflecting the different rates at which these HIV-1

proteins evolve. Synonymous nucleotide substi-

tution rates were similar in different genes, aver-

aging about 10¬10−$ substitutions per site per

year.

Although very few sequences were available

for study at that time (1987), two considerations

suggest that these estimates were quite accurate.

First, several subsequent, independent studies of

different data sets derived very similar estimates.

For example, Gojobori et al. [19] estimated rates

for 13±1¬10−$ and 3±9¬10−$ per site per year for

synonymous and non-synonymous changes in gag,

whereas Kelly estimated a synonymous substi-

tution rate of 11±0¬10−$ per site per year in the V3

region of the env gene [20]. Furthermore, an

overall rate of divergence of about 1% per year has

commonly been found for HIV-1 sequences.

Secondly, if the majority of synonymous

substitutions are selectively neutral, their rate of

accumulation is expected to be the same as the

mutation rate [21]. The rate of mutation has been

estimated as 3±4¬10−& per site per replication [22],

while the average number of replications per year

has been estimated as around 300 [23,24]. This

leads to a mutation rate of around 10±2¬10−$ per

site per year, very close to the estimate of the

synonymous substitution rate.

If the molecular clock has been calibrated

reasonably accurately, it can be used to estimate

divergence times within the lentivirus phylogeny.

On the assumption that the clock rate for HIV-1

pertained to the other lentiviruses, we used the

rate of non-synonymous substitution in the pol

gene to estimate the time of the common ancestor

of HIV-1, HIV-2 and SIV
AGM

at about 150 years

ago [25].

Host-dependent evolution?
While it is clear that there have been numerous

instances of cross-species transmission during the

evolution of the primate lentiviruses, nevertheless

certain clades of SIV appear to have evolved with

their hosts for a long period of time. In such cases,

it may be possible to infer the dates of branching

points within the SIV phylogeny from those

within the evolutionary tree of the hosts. Within

the primate lentivirus phylogeny (Figure 1),

there are three possible examples of such host-

dependent evolution.

The first concerns SIV
AGM

. There are four

main species of African green monkeys, inhabit-

ing abutting ranges across sub-Saharan Africa:

sabaeus monkeys in west Africa, tantalus in central

Africa, grivets in east Africa, and vervets from east

to southern Africa. All four species are naturally

infected with SIV
AGM

, and multiple examples of

each have been at least partially characterized. In

phylogenetic analyses, the viruses all cluster in a

host-dependent manner [26,27]. Furthermore,

among the clades of viruses, SIV
AGM

Sab appears

to be the earliest diverging lineage (Figure 1),

whereas, among the monkeys, the sabaeus species

appears to be the most divergent [28]. These

observations are consistent with the common

ancestor of the African green monkey species

having been infected with the common ancestor of

the SIV
AGM

lineages. The time of the common

ancestor of the African green monkey species is

not known from the fossil record. However, for

both mitochondrial DNA [28] and nuclear CD4

sequence comparisons [29], sabaeus and vervet

monkeys exhibit a very similar amount of sequence

divergence to humans and chimpanzees. Humans

and chimpanzees are estimated to have shared a

common ancestor 5–10 million years ago. Rates of

molecular evolution appear to have been some-

what slower in apes than in Old World monkeys

[30], but this still suggests that the common

ancestor of the African green monkey species

existed at least 1 million years ago.

A second example concerns SIV
CPZ

. The

chimpanzee P. troglodytes has been classified into

four geographically distinct subspecies [31].

Among the four known isolates of SIV
CPZ

, three

(Gab1, Gab2 and US) came from P. t. troglodytes,

and one (Ant) from P. t. schweinfurthii [4]. Al-

though the sample size is small, again these viruses

cluster in a host-dependent manner (Figure 1),
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suggesting that the common ancestor of the two

SIV
CPZ

lineages may have infected the common

ancestor of the two subspecies of chimpanzee [4].

From mitochondrial DNA comparisons, that an-

cestor has been estimated at 500000 years ago [32].

We have very recently described a third

possible example [33,34]. Two closely related

species, l’Hoest monkeys (Cercop. lhoesti) and sun-

tailed monkeys (Cercop. solatus), have been found

to be infectedwith viruses (SIV
LHOEST

andSIV
SUN

)

that are more closely related to one another than to

any other SIV (Figure 1), again indicating that this

may reflect host-dependent evolution. The time of

the common ancestor of these monkeys is not

known, but they are thought to have diverged

because of vegetation changes in Africa some time

within the last million years.

These putative instances of host-dependent

evolution of SIV suggest divergence times within

the primate lentivirus phylogeny on the order of

(at least) hundreds of thousands of years. The

common ancestor of all of the primate lentiviruses,

i.e. at the left of Figure 1, would be even older.

Resolving the discrepancy?
These two approaches to estimating the time-scale

of primate lentivirus evolution yield highly dis-

cordant results. The number of primate species

now known to be infected by their own specific

SIV, and the apparently host-dependent evolution

of certain clades of SIV, strongly suggest that the

primate lentiviruses as a whole cannot have evol-

ved onlywithin the lastmillennium.This indicates

that the time-scale suggested from the molecular

clock is most likely to be a gross underestimate.

If the rate of evolution for HIV-1 has been

overestimated, or the rate of evolution of other

lentiviruses was slower than for HIV-1, the time

depth could be larger. Recently, the rate of

substitution in the HIV-1 env gene was estimated

as 1±7¬10−$ substitutions per site per year [35],

i.e. about three times slower than previous esti-

mates. Clearly, this difference is not sufficient to

explain a discrepancy of orders of magnitude.

Furthermore, there is no evidence that strains of

SIV evolve at a substantially lower rate than HIV-

1. Indeed, retroviruses all appear to have similarly

high mutation rates because of the error-prone

nature of reverse transcriptase, and so lower

evolutionary rates could only be achieved through

a lower rate of viral replication. Even though it is

apparently not pathogenic, SIV
AGM

appears to

have a replication rate similar to that of HIV-1

[36]. Of course, if the primate lentiviruses ever

became endogenous, their rate of evolution should

drop to that of the host genome, i.e. around

2¬10−* substitutions per site per year [30]: that

could immediately explain the discrepancy, but

again there is no evidence that this has occurred.

Alternatively, if the estimate of the rate of

HIV-1 evolution is approximately correct, then

the underestimation of the time depth must reflect

an underestimation of the extent of evolutionary

divergence among viruses. For all but the closest

comparisons, estimates of evolutionary divergence

between lentiviruses must involve an attempt to

correct for multiple hits, i.e. successive substi-

tutions superimposed at a site during the evolution

of a lineage. Standard methods for making these

corrections assume quite simple models of se-

quence evolution. If the real pattern of sequence

evolution deviates from these assumptions, the

true distance will generally be underestimated.

Two of the assumptions may be particularly

important. The first concerns the relative fre-

quencies of the 12 possible changes among the four

nucleotides. The simplest (Jukes–Cantor) model

assumes that all substitutions are equally likely,

whereas it is known that this is usually not the

case. In particular, it is commonly observed that

transitions occur more often than transversions;

the 2-parameter model (from Kimura) allows for

different rates of transitions and transversions.

More complex models attempt to incorporate

additional parameters, allowing an increased num-

ber of different categories of rate of nucleotide

replacement, but are not yet widely used.

The second assumption concerns the relative

frequency of substitutions at different sites within

sequences. While the difference in frequency

between synonymous and non-synonymous sub-

stitutions is often recognized, it is usually im-

plicitly assumed that non-synonymous substi-

tutions at different sites all have the same under-

lying rate. In fact, consideration of almost any

protein alignment indicates that different sites

within a protein structure can evolve at very

different rates. This problem, of heterogeneity of

rates across sites, was recognized nearly 30 years

ago [37], but has only recently begun to receive

much attention [38]. So far, the most widely used

approach is to assume that the rate heterogeneity

can be approximated by a gamma distribution.

The gamma distribution takes different shapes,

according to the value of a single shape parameter

(α) : with α values "1, the distribution is approx-

imately bell-shaped, while with α values ! 1, the

distribution becomes progressively more L-
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Table 1

Effects of substitution model on estimates of distance and time

Corrected estimates of sequence distance, and corresponding time depth, are given for various extents of transition : transversion bias
(measured by κ) and among-site rate heterogeneity (measured by the shape parameter, α, of a gamma distribution ; constant refers to a
model assuming rate homogeneity). Upper values are the estimated number of substitutions per site ; lower values are the estimated times
since divergence, assuming a rate of 10−3 substitutions per site per year. Pairs of values are given, calculated for observed sequence
differences of 0±15 and 0±25. Thousands are indicated by #3.

α

κ Constant 1±0 0±5 0±2 0±1 0±06 0±04

1±0 0±17/0±30 0±19/0±38 0±21/0±47 0±31/0±99 0±62/4±25 1±81/38±7 7±91/758
84/152 94/188 106/235 154/495 312/2125 905/19 #3 3956/379 #3

2±0 0±17/0±31 0±19/0±38 0±21/0±48 0±31/1±01 0±63/4±33 1±84/39±4 8±06/771
84/153 94/190 107/238 156/504 317/2166 922/20 #3 4028/386 #3

4±0 0±17/0±31 0±19/0±39 0±22/0±50 0±33/1±08 0±68/4±65 1±97/42±2 8±62/826
85/156 96/197 110/250 164/538 338/2325 986/21 #3 4310/413 #3

7±0 0±17/0±32 0±20/0±41 0±23/0±53 0±35/1±18 0±74/5±15 2±17/46±7 9±49/910
86/160 99/206 114/266 174/591 368/2573 1084/23 #3 4746/455 #3

10±0 0±17/0±32 0±20/0±43 0±23/0±56 0±37/1±27 0±79/5±59 2±34/50±6 10±3/985
87/162 100/213 116/279 182/637 394/2797 1172/25 #3 5137/493 #3

shaped. This range of alternative shapes seems a

reasonable first approximation of the distribution

of rates that might be expected.

The effect on estimates of evolutionary dis-

tance (and hence divergence times) of gamma-

distributed among site rate heterogeneity, and of

transition:transversion bias, can be modelled

using equations from Jin and Nei [39]. In Table 1,

we present estimated corrected evolutionary dis-

tances for two levels of observed sequence dif-

ferences (15% and 25%), across a range of degrees

of underlying among site rate heterogeneity, and

transition:transversion bias. We also present the

implications in terms of time depth for one

particular rate of evolution; the effect of different

rates on the time depth can be simply obtained by

multiplication.

Under the simplest (Jukes–Cantor) model

(i.e. κ¯1±0), with no rate heterogeneity, the

estimated ‘corrected’ distances are 0±17 and 0±30.

Increasing the transition:transversion ratio (κ)

has little effect on these values. Increasing the

amount of rate heterogeneity (decreasing α) im-

mediately increases the estimated distance, al-

though for the smaller difference (0±15) the effect

is minor until α becomes quite small (0±2). As the

rate heterogeneity increases, the effect of higher

transition:transversion bias also increases. At high

values of κ, and very low values of α, the estimated

distances and, correspondingly, the associated

estimates of time depth, are orders of magnitude

higher than those obtained with the assumption of

rate homogeneity.

Estimates of sequence evolution
parameters
Are the patterns of nucleotide substitution in

AIDS viruses sufficiently skewed that the evol-

utionary distances among them have been under-

estimated by orders of magnitude? Leitner et al.

[40] have assessed the most appropriate model of

evolution for short fragments of the gag and env

genes by exploiting a ‘known’ phylogeny of closely

related HIV-1 isolates from a well-described

transmission chain involving nine patients. They

used a gamma distribution and derived estimates

of α ranging from 0±18 (for codon position 2 in gag)

to 0±74 (for codon position 1 in env).

We have followed a similar approach, but

using full-length sequences of HIV-1 isolates

representing a greater phylogenetic diversity. We

took eight published sequences for which the

branching pattern of the evolutionary tree can be

taken as reliably known. The sequences represent

three different clades, subtypes B, D and E of the

M group. Numerous analyses have established

that subtypes B and D are more closely related to

each other than to other subtypes (for example, see

[41]). Of three subtype B sequences included, two

came from different tissues of the same individual,
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Table 2

Estimates of substitution model parameters for HIV-1

Estimates of the shape parameter (α) of the gamma distribution
describing among site rate heterogeneity, and of the trans-
ition : transversion bias (κ), for the three different positions within
codons for the three major genes of HIV-1±

Codon position

1 2 3

α/κ α/κ α/κ

gag 0±22/2±1 0±16/6±2 1±52/13±0
pol 0±16/8±4 0±12/6±9 1±10/14±8
env 0±43/3±1 0±30/4±4 1±07/ 6±6

and can be assumed to be more closely related than

a third isolate from an unlinked individual. Analo-

gously, of three subtype E sequences included,

two came from Thailand, and can be assumed to

be more closely related than a third isolate from

central Africa, because the Thai subtype E epi-

demic appears to have resulted from a single

import [42]. The PAML program [43] was used to

derive maximum likelihood estimates of the tran-

sition:transversion bias (κ), and the shape pa-

rameter (α) of the gamma distribution describing

heterogeneity of rates across sites, assuming this

known topology of the phylogenetic tree linking

these isolates. Separate analyses were performed

for gag, pol and env genes, and for each of the three

positions within codons. The α and κ values

obtained are shown in Table 2.

The α values obtained for different codon

positions have the relative magnitudes position

3(position 1"position 2, for all three genes. The

majority of substitutions at position 3 and a small

minority of substitutions at position 1 are syn-

onymous, whereas all substitutions at position 2

are non-synonymous. Rates of synonymous sub-

stitutions are expected to be more homogeneous

across different sites within a gene, and so higher α

values (indicates less heterogeneity) are expected

for sites undergoing synonymous changes. The α

values for first and second positions, particularly

in the gag and pol genes encoding the more highly

conserved proteins, are extremely low; they are

similar to the lowest values reported by Yang for

primate mitochondrial genes [38]. Thus the α

values for HIV-1 indicate that non-synonymous

changes exhibit extreme heterogeneity of rates

across sites. In addition, the estimated κ values

(Table 2) are generally quite high, indicating a

very strong bias towards transitional substitutions

in HIV-1.

Conclusions
Some years ago, Eigen and Nieselt-Struwe [44]

pointed out that differences in evolutionary rates

at different sites could lead to problems in es-

timating the age of viruses. They suggested three

categories of sites; constant, variable, and hyper-

variable, and from analysis of env sequences

concluded that the common ancestor of the pri-

mate lentiviruses dates back at least 600–1200

years. The estimates of α and κ described above,

indicating extreme biases in substitution patterns,

suggest that evolutionary distances among the

more divergent lentivirus sequences may have

been even more severely underestimated by the

use of ‘standard’ multiple hit correction methods.

If we focus on second codon positions within the

pol gene (since the Pol protein is the most highly

conserved), at these sites SIV
AGM

sequences from

vervet, grivet and tantalus monkeys differ by

15–19%, while HIV-1 and HIV-2 sequences

differ by 25–27%, similar to the values used in

Table 1. On the basis of our early estimates [18],

the rate of substitution at these sites is around 10−$

substitutions per site per year. Using the results

from Table 2 (of an α value around 0±1 and a κ

value of around 7), the estimate of the time of

divergence of the SIV
AGM

sequences would in-

crease from less than 100 years to more than 350

years, while that for HIV-1 and HIV-2 would

increase from about 150 years to around 2500.

These dates are substantially older than previous

estimates, but they are still not consistent with

SIVs having evolved in a host-dependent fashion

for hundreds of thousands of years.

Perhaps the most interesting, but also con-

troversial, date within the lentivirus phylogeny

concerns the time of origin of the M group of

HIV-1. In our first attempts to date this, we

estimated the time of the common ancestor of

(what are now known as) subtypes B and D at

around 1969, and the common ancestor of the

entire M group at around 1960 [18]. These dates

were shown to be too recent by analyses of partial

HIV-1 sequences from a blood sample taken in

Zaire in 1959: that virus lay close to, but later

than, the common ancestor of subtypes B and D

[45], indicating that the M group must have

originated somewhat earlier, around 1940. A simi-

lar time-scale was derived recently from analysis

of a large number of env sequences [35]. Isolates

from different subtypes of group M differ by about
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5–6% at position 2 in pol. Applying the same

approach described above, with an α value of 0±12

and a κ value of 6±9, a difference of 0±06 yields a

divergence time of about 50 years. Since the

viruses were isolated in the late 1980s, that places

the common ancestor of group M in the late

1930s, broadly consistent with these other recent

estimates.

In conclusion, previous applications of the

molecular clock to the evolution of the primate

lentiviruses have used oversimplified assumptions

and underestimated the time depth of their evol-

ution. The degree of underestimation has been

small, but significant, for recent events, and very

substantial for the earlier events. We are currently

examining the extent to which the incorporation of

additional parameters within the model of se-

quence change might increase the estimated dist-

ances and push back further the perceived time

depth of the primate lentivirus phylogeny.
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